Abstract. The presented paper deals with dynamical and experimental investigations of a hybrid energy harvester containing shape memory alloy (SMA) wire and elastic cantilever with piezoelectric layer. The SMA wire periodically changes its temperature under the influence of a heated plate that approaches and moves away from the SMA wire. The change of SMA wire length causes rotation of the hot plate. The plate is heated by a heater with constant temperature. The repeated SMA wire extensions and contractions bend the piezoelectric cantilever which generates electric charges. The shape memory effect is presented as a temperature approximation of the Young's modulus. A dynamical model of the energy harvester is created and some analytical investigations are presented. With the help of an experimental setup the acceleration, the force, the temperature, and the output voltage have been measured. The theoretical results are validated experimentally. Some conclusions are made about the best performance of the energy harvester.
Introduction
Energy harvesting devices convert otherwise unused ambient energy into small but useful levels of electrical energy. The most utilized energy sources are solar energy, mechanical vibration energy, and thermal energy. The utilization of waste heat is one of the most important fields of the energy harvesting. The currently mostly used methods for harvesting a mid to low grade thermal energy can be divided into thermal to direct electrical, and thermal-to-mechanical-to-electrical ones.
The thermal to electrical energy converters include thermionic, pyroelectric, and Seebeck generators, alkali metal thermal-to-electric converters, Johnson thermoelectrochemical converter, Johnson electrochemical heat pipe, and infrared photovoltaic harvesters [1] [2] [3] [4] . Pyroelectric converters rely on the property of certain crystalline materials to generate an electrical potential when subjected to a temperature-time gradient [5, 6] . Seebeck thermoelectric generators produce electricity by two different types of semiconductor materials when their junction is exposed to a temperature difference [7] .
Thermomechanical heat engines are based on Stirling, Brayton, and Rankie thermodynamic cycles [8] [9] [10] [11] [12] . Thermoacoustic heat engines, thermomagnetic engines, hydride heat generators can be divided into two groups: traveling wave, and standing wave devices [13] [14] [15] . Thermomagnetic engines rely on the change of magnetization of certain materials that occurs with change in temperature [16] [17] [18] .
Shape memory alloy (SMA) are materials that allow relatively large strain about 8% when deformed and they completely recover their original shape when heated [19] .
SMA engines transform thermal energy by SMAs using change of the temperature of water or air flow. Depending of type of the motion SMA engines can be divided into SMA engines with continuous and oscillating motion. SMA engines with continuous motion convert the reciprocating linear motion of an SMA actuator into continuous rotary motion [20] [21] [22] . Oscillating SMA engines consist of SMA elastic element (cantilever, bridge, wire) which moves between two end positions corresponding to heated and cooled state [23] .
All above mentioned engines convert thermal-tomechanical energy and they could be the first part of thermal-to-mechanical-to-electrical converter. For the second part mechanical-to-electrical the well-known piezoelectric, magnetic, and electrostatic converters could be applied. Such energy harvesters with two different type converters are called hybrid or combined energy harvesters. Namli end Taya present Piezo-SMA composite for thermal energy harvesting under fluctuating temperature. Strain induced in the SMA material causes stress in the piezoelectric material, inducing electric charge by direct piezoelectric effect [24] . A remote light energy harvesting and actuation hybrid system, comprising SMA wire, attached to a piezoelectric bimorph cantilever, generates electric energy when wire is heated by a pulse laser [25] . A [26] .
The aim of the present paper is to model and investigate a new SMA-piezoelectric energy harvester (SMA-PEH) consisting of SMA wire and piezoelectric cantilever. The energy source of the SMA-PEH is a heater with constant temperature. The constant temperature of the heater is delivered to the SMA wire as fluctuating temperature with the help of a simple vibrating mechanical system, driven by the SMA wire.
Design concept of SMA-PEH
In Figure 1 (a) a schematic description of the proposed SMA-PEH in the beginning of SMA wire heating is presented. The SMA wire 1 is strained by cantilever 3 with piezoelectric bimorph 2. A brass plate 4, which is heated by heater 5, touches the SMA wire 1, which starts to heat as well. Figure 1 (b) illustrates the SMA-PEH with hot SMA wire. When the SMA wire gets hot, it changes its crystallographic structure from martensite to austenite, and it contracts. The free end of the cantilever moves. The deformation of the cantilever induces electric charge in the piezoelectric bimorph. At the same time by the limiters 6 the hot SMA wire rotates the brass plate 4 about the heat source 5 and heating of the SMA wire is off. Meanwhile, SMA wire cooling leads to austenite-to-martensite transformation, which decreases the SMA stiffness. The SMA wire strains again under the force action of the cantilever and the brass plate rotates counterclockwise to its position shown in Figure  1 (a). The motion of the free end of the cantilever deforms piezoelectric layer and a second electric charge is induced. Then all the processes described above are repeated. 
Dynamical modelling of SMA-PEH
Let consider the deformations of the piezoelectric cantilever and of the SMA wire shown in Figure 2 .
The segments CD and AE are the initial undeformed states of the SPF wire and the cantilever when not connected (Figure 2a ). At the beginning the cantilever and the SMA wire have a common point A. In this state, the free cantilever end deformation is Δy 0 , and the SMA wire length is l S0 . At the equilibrium position, corresponding to point B, the deformation of the free cantilever end decreases to Δy c0 and the SMA wire deformation is Δl S0 . The force F c0 at the free cantilever end can be expressed as
where
is the stiffness of the cantilever, E c is the Young modulus of cantilever material, l c is the length of the cantilever.
The cross-sectional moment of the cantilever is , where w is the width and h is the thickness of the cantilever. The equilibrium force F S0 in the SMA wire is presented in the form
where E M is the Young's modulus for starting martensite temperature of nitinol, and А is the cross-section area of the SMA wire, d is the wire diameter. We assume that at point B a generalized mass m with weight G also acts as G mg  (4) From the equilibrium of the forces described by (1), (3), and (4) follows the equation (6) Combining two above equations into a system, we can express
In Figure 2 b) it is described the static load of the considered mechanical system, when the wire is heated to an arbitrary temperature over the final martesite temperature Mf and less than the final austenite temperature Af. The wire heating leads to structure changes that increase the Young's modulus. The wire hardens, and it decreases it's elastic deformation. The distance S l  , that is the reduction of the elastic deformation due to the heating, we call temperature deformation. Expressing the equilibrium of the vertical forces in this case, we can write
where the force of the cantilever at temperature deformation is
and the force in the SMA wire is
Taking in account that (4), (10), and (11) into (9) and combining with (12) we can express
We assume that the Young's modulus Е(Т) is a temperature function presented in the form
А E is SMA Young's module for austenite structure, Af is the final austenite temperature, Mf is the final martensite temperature, and As is the start austenite temperature. We neglected hysteresis because the strain of the SMA wire is smaller than 0,3%. The graph of the approximated Young's modulus is shown in Figure 3 .
With the help of the Young's modulus approximation (15) we can express the straintemperature graph shown in Figure 4 .
Fig. 3. Young's modulus approximation.
The analysis shows that the maximum temperature deformation does not recover the total elastic strain of the SMA wire. This is so because at the austenite phase there is an elastic strain, which can vanish only when there is no stress in the SMA wire.
Fig. 4. Temperature deformation vs. time.
For creating a dynamical model we assume that there is a lumped mass at the free end of the cantilever. We denote the position of this mass as y. The force F SMA of the SMA wire that exerts on the mass is 
In the above expression we take into account that the force F SMA is unidirectional and it can only strain the SMA wire.
From Figure 1 we see that the angle φ is constrained to be positive only, because the negative value is possible if the plate penetrates into the SMA wire. This consideration leads to the formula 
For the heat transfer between hot plate and SMA wire the following relationship is assumed:
where T h is the temperature of the hot plate, T hp is the temperature which is transferred to the SMA wire, m  is the maximum angle of the hot plate, and r T is an experimentally determined temperature.
The unidirectional action of the SMA wire can change the damping coefficient of the system in the form 
where m is the lumped mass,  is the density of the SMA wire material, p c is the specific heat, c h is the heat convective transfer coefficient, c A is the circumferential area per unit length of the wire, and T  is the room temperature.
In the above system the first equation describes the force balance, and the second equation describes the temperature processes of the energy harvester [28, 29] .
The system (21) is solved numerically by Euler's implicit method of 5 th order. The solution of the system (16) shows that the amplitude of the displacement is modulated and it increases in the transition period. The same is the behavior of the acceleration ( Figure 5 ). The temperature of the SMA increases modulated as it is presented in Figure 6 . There is an equilibrium temperature at 62°C corresponding to the temperature of the heater in a middle position. 
Neglecting the damping, the mechanical natural frequency can be calculated by the formula
is the stiffness of the SMA wire. Formula (23) shows that besides the amplitude modulation there is an additional frequency modulation. The amplitude modulation is due to the thermal shortening of the SMA wire. The frequency modulation is due to the stiffness change of the wire when heated. Both modulations are due to the thermal change but they reflect two different properties of the SMA material: shortening and stiffening.
Design concept of the experimental setup
The evaluation setup for investigation of SMA-PEH is shown in Figure 7 . The sensor signals of the SMA-PEH 1 are processed by a Data Acquisition System (DAQ) 2. The sensors and heater are powered up by two rectifiers 3, 4 and a thermal regulator 5. The DAQ output enters into a laptop 6, where the experiment is controlled by a LabVIEW program.
In Figure 8 the SMA-PEH with the sensors is presented. A piezorestive MEMS force sensor 1 measures the longitudinal force in SMA wire. The hot plate 2 rotates about the fixed axis of a heater 3, which is a part of soldering iron. The acceleration of the cantilever beam 4 along vertical axis is measured by a three-axis MEMS accelerometer 5. For obtaining the necessary data of the temperature three thermocouples are used. The thermocouple 6 measures the heater temperature. Thermocouple 7 is used to measure the room temperature. In order to increase the frequency response of the thermocouple for the SMA wire, a thermocouple type-T with a small diameter of 100 µm is used, as shown in Figure 9 . 
An experimental validation and interpretation of the model
By the evaluation setup, described above, consequently series of experiments were performed. Results of one such an experiment are shown in Figures 13-16 . In Figure 10 the experimental results for the acceleration of the free end of the cantilever are presented. We see that the output of the accelerometer is a periodic oscillation with stable behavior. Compared to the model acceleration ( Figure 5) , we can register a relative good fit with respect to the amplitude, shape and frequency.
The experimentally obtained temperature change of the SMA wire is shown in Figure 10 . Compared to the theoretical result from Figure 6 , for the steady state period a good fit is demonstrated. The measured output voltage is presented in Figure  12 . Maximum amplitude of about 50 mV is registered at load resistance of 10 kΩ which corresponds to 0,5 μW peak-to-peak power. The best efficiency of the energy harvester we expect to have when the frequency of the mechanical and of the thermal oscillations coincide. As it was already clarified, the energy harvester has a variable frequency. Therefore, the condition for frequency coincidence is possible to be satisfied only for one value of the temperature of the SMA wire. The frequency equalizing in the considered device requires a wire with a very small diameter and the smallest possible lumped mass.
Conclusions
A new design of a combined thermoelectric energy harvester, containing SMA wire and piezoelectric flexible member for generation of electric energy from constant heat source is presented.
A dynamical model of the energy harvester is built and investigated.
With the help of an experimental setup model, an experimental validation is performed.
The comparison between model results and experiments indicates a good validation of temperature during the steady state period, and in terms of acceleration satisfactory coincidences of amplitudes and vibration periods are obtained.
The condition for the best performance of the energy harvester according to parametric resonant systems is the coincidence of twice frequency and the system's natural mechanical frequency. Because the two frequencies vary with temperature change, this condition can only be achieved for a certain temperature value of the SMA wire.
